Proteolysis carried out by different proteases control cellular processes during development and regeneration. Here we investigated the function of the proteasome and other proteases in the process of intestinal regeneration using as a model the sea cucumber Holothuria glaberrima. This echinoderm possesses the ability to regenerate its viscera after a process of evisceration. Enzymatic activity assays showed that intestinal extracts at different stages of regeneration possessed chymotrypsin-like activity. This activity was inhibited by i) MG132, a reversible inhibitor of chymotrypsin and peptidylglutamyl peptidase hydrolase (PGPH) activities of the proteasome, ii) E64d, a permeable inhibitor of cysteine proteases and iii) TPCK, a serine chymotrypsin inhibitor, but not by epoxomicin, an irreversible and potent inhibitor of all enzymatic activities of the proteasome. To elucidate the role which these proteases might play during intestinal regeneration, we carried out in vivo experiments injecting MG132, E64d and TPCK into regenerating animals. The results showed effects on the size of the regenerating intestine, cell proliferation and collagen degradation. These findings suggest that proteolysis by several proteases is important in the regulation of intestinal regeneration in H. glaberrima.
Introduction
Gastrointestinal diseases are a major problem worldwide. Each year, thousands of people are affected by diverse pathologies associated, in part, to deficiencies in the mechanisms of intestinal regeneration. Mammalian intestinal regeneration requires interaction of multiple cell types and is accomplished, among other processes, by epithelial cell migration, proliferation, apoptosis, and changes in cellular function. Several regulatory factors have been described that participate in this process (Thompson et al., 2000) , however, little is known about compounds that can delay or promote intestinal regeneration. This last issue is of vital importance, since enhancement of intestinal regeneration is desirable for adequate treatment of most common intestinal pathologies.
Our laboratory has been active in studying the process of intestinal regeneration using as a model organism the sea cucumber Holothuria glaberrima. This echinoderm possesses the ability to regenerate its viscera after autotomizing and ejecting them during a process of evisceration (Hyman 1955; García-Arrarás et al., 1998) . The formation of the new intestine begins by thickenings at the free end of the remaining mesenteries. During regeneration the mesenterial thickening continues increasing in size and forms the new intestinal primordium (Mashanov and García-Arrarás 2011; García-Arrarás et al., 2011) . We have demonstrated that cell dedifferentiation (Murray and García-Arrarás 2004; Candelariaet al., 2006) and changes in the extracellular matrix components of the connective tissue (Quiñones et al., 2002) take place during this period. In addition, proliferation and migration of luminal epithelial cells from the cloaca and the esophagus form a lumen within the new intestine (García-Arrarás et al., 1998 . As a consequence, a new intestine is formed in approximately four weeks after evisceration.
Regeneration processes have been usually regarded from the vantage point of changes in gene transcription and their translation to proteins. Nonetheless, an important part of the regulation could be mediated at the level of protein degradation. In fact, previous studies from our group showed the involvement of matrixmetalopro-teases (MMPs) in intestinal regeneration (Quiñones et al., 2002) . However, this is only one class of a diverse array of proteolytic mechanisms found in cells. Other important potential sources of proteolytic activity during regenerative processes include cysteine proteases, serine proteases and proteasomes.
Several reports indicate that the proteolytic activity of cysteine proteases regulate some developmental processes. For example, the cysteine proteases cathepsin V controls cell proliferation during morphogenesis and cycling of hair follicles in mouse (Hagemannet al., 2004) and cathepsin D controls epidermal cell differentiation (Egberts et al., 2004) . Caspases are essential mediators of apoptosis during development. For example, caspases control newt larval forelimb development (Vlaskalin et al., 2004) and preimplantation development in human (Spanos et al., 2002) and mouse (Exley et al., 1999) . On the other hand, Ca 2+ dependent proteolytic activity by calpains has also been reported during development. The inactivation of Capn4 gene, which eliminates both μ-and m-calpain activities cause embryonic death in the mouse during early organogenesis (Arthur et al., 2000) . In addition, the expression of calpains 1, 2 and 3 have been shown to be regulated during early organogenesis in Xenopus (Moudilou et al., 2010) .
Proteasomes, on the other hand, regulate multiple steps in the fertilization and development of marine organisms. Their participation has been demonstrated in acrosomal exocytosis triggered by the egg jelly, penetration of the vitelline coat, fusion with the egg plasma membrane and embryonic development Yokota and Sawada, 2007) . Proteasomes regulate cell division during early development in mammals (Josefsberg et al., 2000; Mailhes et al., 2002) and participate during the establishment of the dorso ventral body axis in Drosophila (Klein et al., 1990) and the anterior posterior axis in C. elegans (Bowerman and Kurz, 2006) . In addition, they have been showed to participate in organ formation (El-Khodor et al., 2001; Morimoto et al., 2006; Weng et al., 2006) .
Serine proteases also play a role during development. In the ascidian Halocynthia, two trypsin-like proteases, spermosin and acrosin are essential for fertilization (Lambert et al., 2002) . Additionally, a chymotrypsin activity has been reported to participate in fertilization (Dabrowski et al., 2004) and early development of fishes (Skern-Mauritzen et al., 2009) . In chicken, trypsin-like pro-teases play a role during neuronal embryonic migration (Drapkinet al., 2002) .
These antecedents suggest that specific proteolytic activities are essential for many cellular processes associated with development. In a previous report, we characterized several Ubiquitin Proteasome System (UPS) components of the sea cucumber, Holothuria glaberrima and showed that they displayed significant up-regulation during the first weeks of intestinal regeneration (Pasten et al., 2012) . Moreover, we showed that when regenerating animals were treated with MG132, a proteasome inhibitor, the size of the regenerating rudiment was significantly reduced, suggesting a regulatory role of proteasomes during intestinal regeneration. The present study extends the initial investigation of the relationship between regeneration and proteolytic activities, both in vitro and in vivo. Our results confirm the important role of proteolytic activity during the intestinal regeneration process, and point to a role of calpains, and not the proteasome, as the principal mediators of proteolytic activities. In addition, they suggest that cathepsin and serine proteases might also play some roles in regulating several of the processes that take place during intestinal regeneration.
Results

Enzymatic activity during intestinal regeneration in H. glaberrima
Our previous studies suggested that the proteasome could be playing an important role during intestinal regeneration in H. glaberrima (Pasten et al., 2012) . Therefore, our first step was to determine if proteosomal enzymatic activity was present in extracts of regenerating intestine. To do this we used the fluorogenic substrate SLLVY-AMC which is the preferred substrate to measure the proteasome chymotrypsin-like activity, especially in marine organisms (Saitoh et al., 1993; Kawahara and Yokosawa, 1994; Tanaka et al., 2000; Yokota and Sawada, 2007) . Our results showed that intestine extracts at different stages of regeneration possess enzymatic activity toward SLLVY-AMC. This activity was similar for normal and 3 day regenerating extracts, increased slightly at 7 dpe (days post evisceration) and was significantly higher at 14 dpe ( Fig. 1 A,B ).
Next, we tested if this activity was inhibited by MG132, a reversible inhibitor of chymotrypsin and PGPH activity of the proteasome. The results showed that the enzymatic activities present in extracts of all regenerating intestinal stages, as well as in those from normal non-regenerating animals, were significantly inhibited ( Fig. 2A) . The level of inhibition was similar at all stages with extracts showing about 50% activity when compared to vehicle-treated extracts. However, since MG132 is also known to inhibit calpains and some lysosomal cathepsins (Lee and Goldberg, 1998) we decided to test the most specific proteasome inhibitor described so far, epoxomicin. This is an irreversible and potent inhibitor of the chymotrypsin-like, trypsin-like and PGPH activity of the protea-some and does not inhibit other proteases (Meng et al., 1999) . In our experiments, epoxomicin did not inhibit the proteoltyic activity of the intestinal extracts (Fig. 2B) . To show that proteasomes were indeed present in our homogenates, we did Western blots using the antibody that recognizes the alpha-20S proteasome subunits (Fig. 2B, insert) .
Although SLLVY-AMC is the most widely used substrate to measure proteasomal activity, it is also commonly used to measure calpain activity (Meng et al., 1999) . Therefore, the next step was to study the effect of E64d (inhibitor of calpains and some cathepsins). In addition, we also tested TPCK, an inhibitor of serine proteases. Surprisingly, the enzymatic activity was significantly inhibited by E64d in extracts from all regeneration stages and normal animals ( Fig. 2C ). In contrast, TPCK did not inhibit the enzymatic activity (Fig. 2D ).
These results suggested that calpains and not proteasomes were responsible for the main proteolytic activity found in the extracts. However, two possibilities needed to be ruled out. First, it was possible that epoxomicin was not being effective in inhibiting holothurian proteosomal activities. To rule this out, we performed enzymatic assays using H. glaberrima gonad (sperm). We used sperm as a positive control because the sea urchin sperm contain large amounts of proteasomes and provide a rapid and sensitive method to test the effectiveness of the inhibitors (Yokota and Sawada, 2007) . In our experiments, epoxomicin inhibited 90% of the proteolytic activity ( Supplementary Fig. S1 ).
The second possibility was that the enzymatic activity of other proteases present within the extract could be masking (or interfering with) the proteasome proteolytic activity. To rule out this possibility, we employed a different protocol that provided high molecular weight (HMW) protein fractions enriched in proteasomes (Kanayama et al., 1992; Yokosawa 1992, 1994) . The results largely confirmed the previous observations; MG132 significantly decreased the enzymatic activity present in the extracts ( Supplementary Fig.  S2 ) and a larger inhibitory effect was observed with E64d (~ 80% inhibition). However, and in contrast to the first homogenate, TPCK affected significantly the enzymatic activity in normal and at 3 dpe regenerating animals. Epoxomicin had no effect on the enzymatic activity. We also tested the effect of epoxomicin in the presence of E64d to determine if there was any residual activity due to the proteasome (Fig. 3) . The results confirmed that epoxomicin had no effect on substrate hydrolysis. Thus, our experiments indicate that the activity measured by the substrate SLLVY-AMC in our intestinal extracts could not be attributed to the proteasome. These results suggest that the protease activity during intestinal regeneration in H. glaberrima is primarily due to cysteine proteases and to a lesser extent, serine proteases.
In order to determine if calpains are expressed during intestinal regeneration, we studied their mRNA expression profile. Two ESTs specific for calpain 5 and 7 were obtained from a transcriptome sequencing of regenerating nerve cord of H. glaberrima. We used these sequences as templates to design specific primers (Supplementary Table S1 ) and to amplify the intestinal counterpart. BLAST analysis of the intestinal sequences showed high similarity to calpain 5 and 7 from a large number of species (e-value of 5e-12 for Strongylocentrotus purpuratus and e-value 3e-21 for Anolis carolinensis, calp 5 and 7 respectively). mRNA expression of these calpains was detected at all regenerations stages. Interestingly, expression of calpain 5 was significantly highest during all stages of intestinal regeneration when compared to non-regenerating animals. After 3 dpe, calpain 5 mRNA levels remained constant during the first two weeks of regeneration (Fig. 4) .
In vivo experiments
To elucidate the role of these proteases during intestinal regeneration, we carried out in vivo experiments by injecting regenerating animals with MG132, E64d or TPCK. For E64d and TPCK a dose-response curve was prepared to establish 100 and 400 μM, respectively, as the appropriate concentrations for in vivo experiments ( Supplementary Fig. S3 ).
In H. glaberrima the new intestine arises from a primordium that forms from the thickening of the mesentery. The size of this structure serves as an indicator of the ongoing regenerative process. Animals treated with MG132 had a smaller regenerating structure when compared with control animals (Fig. 5 A,B) . Although not statistically significant, animals treated with E64d showed a tendency toward a decrease in size of the regenerating intestine when compared with controls. TPCK did not show any significant difference in the size (data not shown).
The decrease in size of the regenerating intestine could be due to an effect on various cellular events that underlie the regeneration process. Among these are (1) cell proliferation (García-Arrarás et al., 1998; , (2) extracellular matrix (ECM) remodeling (collagen degradation) (Quiñones et al., 2002) , (3) dedifferentiation of the muscle cells (Murray and García-Arrarás 2004; Candelaria et al., 2006; García-Arrarás et al., 2011) and (4) apoptosis (Mashanov et al., 2010) . We analyzed these cellular events in injected animals to determine the cellular basis of the effect of MG132, E64d and TPCK.
Cell proliferation
To study cell proliferation we injected BrdU for 4 hrs before animals were sacrificed. A marked effect on cell proliferation was observed in animals injected with MG132 and E64d ( Fig. 6 A and D). MG132-injected animals showed a significant decrease in the percentage of BrdU labeled cells both in the mesothelium of the intestinal primordium (MIP) and of the mesenteries (MM). In control animals the percent of labeled cells was 12 ± 1 both in MIP and in MM while in those treated with MG132 it decreased to 5.2 ± 1.1 (MIP) and 6.4 ± 1.1 (MM), (Fig. 6A) . A more notable effect on proliferation was observed with E64d when compared with MG132 ( Fig. 6 D-F) . Here, the percent of BrdU-labeled cells was 12 ± 1.1 in the DMSO-vehicle controls (MIP and MM) and 2.3 ± 0.7 in MIP and 2.1 ± 0.8 in MM in E64d treated animals. No significant effect on cell proliferation was observed with TPCK.
Extracellular matrix remodeling
During intestine regeneration in H. glaberrima an excessive remodeling of the extracellular matrix (ECM) occurs. Matrix metalloproteinases (MMPs) increase significantly and degrade several component of the ECM, among them fibrous collagen, which disappear gradually from 3 dpe to 14 dpe (Quiñones et al., 2002) . Thus, the amount of collagen present at 7 dpe reflects the extent of the ECM remodelling process. To study ECM remodeling we employed a specific antibody for holothurian fibrous collagen (Quiñones et al., 2002) . A notable delay in collagen degradation was observed in animals treated with E64d and TPCK (Fig. 7A) . In control regenerating animals, collagen was present in 12 ± 3 % of the intestinal rudiment, while in animals treated with E64d and TPCK the percent of collagen was much higher (28 ± 4.4 % and 20 ± 2.9 % respectively). MG132 had no effect on the amount of collagen present within the regenerating structure (data not shown).
Muscle dedifferentiation
Intestinal regeneration in H. glaberrima involves the dedifferentiation of muscle cells within the mesentery (Candelaria et al., 2006 , Garcia-Arraras et al., 2011 . The abundance of spindle-like structures (SLSs) produced by dedifferentiating myocytes, provide an indirect measurement of the degree of ongoing dedifferentiation in the tissues (García-Arrarás and Dolmatov 2010; García-Arrarás et al., 2011) . To determine if the inhibitors affected muscle dedifferentiation we studied the distribution of SLSs in regenerating intestine of controls and experimental animals. There were no significant differences in SLS distribution. Both control and experimental groups showed similar patterns of localization where the SLSs were present in the mesentery near the regenerating structure ( Supplementary Fig. S4 ) although the primordium itself was devoid of them (data not shown).
Apoptosis
To determine if the inhibitors had an effect on cell apoptosis we employed the TUNEL assay. The percent of apoptotic cells was similar in all treatments. Although MG132 and E64d showed a trend toward an increase in the number of apoptotic cells, the effect was not statistically significant; the percent of apoptotic cells was 11.8 ± 2.8 in controls while for MG132 it was 17 ± 2.9, for E64d 18.2 ± 3 and for TPCK 8.3 ± 2.3 (Fig. 8) .
Together, these results demonstrate that the inhibition of proteolytic activities during intestinal regeneration causes some significant morphological and cellular alterations, thus suggesting that proteolytic activities play important roles in the control of intestinal regeneration.
Discussion
In this work we demonstrated that proteolytic activities are found in the regenerating intestine. We also showed that these enzymatic activities are involved in the regulation of some of the cellular processes that take part during intestinal regeneration.
Enzymatic activity assays
Our enzymatic studies focused on the activity found in extracts of normal and regenerating intestines. This activity is characterized by the ability to hydrolyze the chymotrypsin substrate SLLVY-AMC. Proteolytic activity was found in two types of preparations: crude extracts and HMW purified extracts (supplement). The activity seems to increase as the regeneration process develops with a small increase at 7 dpe and a large significant increase at 14 dpe. The increase in proteolytic activity at 14 dpe is not surprising in view that, at this stage, the intestinal luminal layer has formed (García-Arrarás et al., 1998) and luminal cells are well known to be a source of proteolytic enzymes (Klomklao, 2008) .
Nature of proteolytic activity
Our initial hypothesis was that the proteasome would be responsible for the proteolytic activity within the extracts as it could be exerting a regulatory role during the process of intestinal regeneration. We had recently characterized proteasome components from H. glaberrima and shown them to be overexpressed during intestinal regeneration (Pasten et al., 2012) . Thus our hypothesis was that, similar to what occurs in other systems (Glickman and Ciechanover, 2002) , proteasomes could modulate different biological processes during intestinal regeneration, such as cell division or apoptosis. Results from the initial experiments using MG132 suggested that proteasomes were indeed involved in regeneration.
In our enzymatic assays, MG132 inhibited the activity to about 50% of control values at all regeneration stages studied, thus strengthening the hypothesis that the proteasome could be responsible for at least some of the observed proteolytic activity. However, MG132 is also well-known to inhibit cysteine proteases, which cleave after hydrophobic residues (similar to the chymotrypsin-like activity of the proteasomes) (Chapman, 1997). Thus, we used epoxomicin, a more selective and potent inhibitor of the proteasome that has no effect on calpain, cathepsin or any other proteases (Meng et al., 1999; Giguere and Schnellmann, 2008) . We were surprised to find that epoxomicin did not inhibit the enzymatic activity in our extracts, clearly suggesting that our initial hypothesis might not be correct.
Moreover, the enzymatic activity experiments in sperm extracts clearly showed that epoxomicin could inhibit the holothurian sperm proteasomes. A possible explanation for this is that the proteolytic activity of sperm extracts is due primarily to proteasomes and that there is less (if any) activity from other proteases. In contrast, intestinal extracts might contain other proteases that concealed the activity of the proteasome. This last assumption is feasible, since the intestine is a complex system consisting of many different cell types, while the gonad content is overwhelmingly one type of highly differentiated cell. However, an effect of epoxomicin was not observed even in purified homogenates (HMW protein fractions) or when we studied the effect of epoxomicin in the presence of E64d. Thus, our present (and most logical) conclusion is that the proteolytic activity observed in our extracts does not correspond to the proteasome. This said, it is important to highlight that atypical proteasomes have been reported in invertebrate tissues. These proteasomes differ in size, subunit composition and sensitivities to protease inhibitors (Mykles, 1998) . For example, differences in the composition of protein components exist between protea-some of sperm and egg in sea urchin (Saitoh, 1991) and distinct enzymatic properties have also been described for starfish oocytes proteasomes (Tanaka et al., 2000) . Therefore, it is still plausible that the intestinal proteasomes of H. glaberrima are different in their sensitivity to protease inhibitors than those of the sperm and thus, not susceptible to epoxomicin inhibition. Finally, in vivo experiments with epoxomicin, which could have shown an effect of proteasome inhibition on regeneration, could not be done due to the prohibitive costs of the amount of drug needed for such studies.
Having mostly ruled out the activity of proteasomes in the extracts, our other possible candidates are calpains and cathep-sins. MG132 is also known to be an inhibitor of calpains (Lee and Goldberg 1998; Mailhes et al., 2002) . Moreover, our experiments showed that E64d, a potent calpain and cathepsin inhibitor, significantly inhibited the enzymatic activity at all regeneration stages and in non-regenerating animals. In each case, the percentage of inhibition was even greater than that of MG132. Thus, the results suggest that regenerating intestines of H. glaberrima possess both calpain and cathepsin activity. Moreover, our gene expression results showed that two calpain family members, calpain 5 and calpain 7 are expressed during intestinal regeneration. Interestingly, calpain 5 remains significantly high during all process of intestinal regeneration. Additionally, in a previous report we demonstrated the presence of cathepsin C mRNA in cDNA libraries of 3-and 7-dpe regenerating intestines (Rojas-Cartagena et al., 2007) . These findings are consistent with the enzymatic assays and support the presence of calpains and cathepsin during intestinal regeneration.
Calpain proteolytic activity has also been detected in different tissues of marine organisms. For example, in the muscle of the lobster (Homarus americanus), in the nerve cord of crayfish (Procambarus clarkii) and in the photoreceptor membranes in horseshoe crab (Limulus polyphermus). Endogenous substrates for these proteases are related with signal transductions and cytoeskeletal proteins (Mykles, 1998) . These antecedents show that these proteases have widespread distribution and their activity could be important for regulatory processes either activating or inactivating any specific substrate or in general proteolysis.
Proteolytic nature of in vivo effects
At the organ/tissue level our results demonstrated that MG132 affected the size of the regenerating intestine. Animals injected with this inhibitor showed a smaller intestine than controls. At the cellular level, this effect cannot be attributed to changes in muscle dedifferentiation or to alterations in the ECM since our results demonstrated that these two cellular events were not altered by MG132 treatments. On the other hand the effect could be due, at least partially, to the balance between cell proliferation and cell death. MG132 caused a significant decrease in cell proliferation and a trend toward increasing apoptosis, this combination would serve to generate a smaller regenerating intestine than that found in control animals. MG132 is known to affect cell proliferation, especially in rapidly proliferating cells, such as cancer or embryonic cells. For example, MG132 affected the proliferation of lens epithelial cells (LECs) during the development of posterior capsular opacification (Awasthi and Wagner, 2006) . In ovarian cancer cells, MG132 suppressed cell division in part by increasing the levels of p21 and p27 proteins (Bazzaro et al., 2006) , while in gastric and colon cancer cells this inhibitor suppressed cell division via activation of BMP signaling (Wu et al., 2008) .
However, MG132 was not the only inhibitor that affected cell proliferation and cell death. Our results showed that the administration of E64d also affected these processes. This inhibitor has also been shown to affect the cell cycle, suppressing cell division in Xenopus embryonic cells (Sekiguchi et al., 2002) and in sea urchin embryos, E64d inhibited cell division altering the DNA replication (Concha et al., 2005) . In the regenerating intestine, although E64d effect on cell division was notably stronger than that of MG132 there was also a similar trend observed for cell death, without a measurable effect on the size of the regenerating intestine was not observed. It is possible that the reason this trend toward increased apoptosis with E64d and MG132 is not significant is due to the smaller number of animals used.
E64d also showed an effect on ECM remodeling detected as a decrease in the degradation of collagen within the intestinal primordium of animals treated with the drug. This effect was also observed with TPCK. Although we only measured the effect of the inhibitors on the presence of collagen, this itself can be used as a marker of extracellular matrix remodeling (Quiñones et al., 2002) . ECM remodeling is a critical process during intestinal regeneration of H. glaberrima. Therefore, our results are in accord with other investigations in which the same inhibitors have been shown to modulate the degradation of extracellular matrix proteins (Wilsonet al., 2009 ).
The information obtained on the proteolytic activity of the intestinal extracts allows us to address the question of which enzymes are responsible for the in vivo effect of the inhibitors. The two main effects observed in vivo were first, an inhibition of BrdU incorporation that signaled a decline in cell proliferation and second, an increase in the presence of collagen which indicated a decrease in ECM remodeling. These effects were independent of each other in the sense that some inhibitors caused one effect (MG132-cell proliferation, TPCK -ECM remodeling) without affecting the other.
At this point, our evidence points to a role of cathepsins and serine proteases on collagen degradation. ECM collagen is subject to continuous remodeling and turnover, and its degradation involves the participation of metalloproteases, cysteine and serine proteases (Everts et al., 1995) . E64d, is known to inhibit cathepsin proteolytic activities and animals injected with it showed a higher percentage of collagen within their regenerating rudiment, suggesting that collagen degradation (and thus ECM remodeling) had been inhibited. In this sense, several reports have indicated that cathepsin K, is a highly potent collagenase capable of cleaving triple helical collagens at multiple sites (Li et al., 2004) . It has been demonstrated that E64d inhibits cathepsin K during lung fibrosis (Bühling et al., 2004) and in bone slices (Sondergaard et al., 2006) and that it alters the expression of MMP-9, calpain and cathepsin after transient focal cerebral ischemia in rats (Tsubokawa et al., 2006) . In addition, collagen is known to be degraded within the lysosomal compartment after phagocytosis of the fibrils (Evert et al., 1996) and this intracellular digestion of phagocytosed collagen is inhibited by E64 (Everts et al., 1985) . Thus, we propose that the delay on collagen degradation observed in the regenerating intestine after E64d is due to the inhibition of some cysteine pro-teases, mainly cathepsins.
In addition to cathepsins, serine proteases such as plasmin, tissue plasminogen activator, kallikreins, tryptase, chymase and elastase can also degrade ECM components (Chapman et al., 1997; Nagano et al., 2001) . These proteases probably exert their function in the extracellular matrix (Cawston and Young, 2010) . TPCK is a well known inhibitor of serine proteases. Therefore, the in vivo effect in collagen degradation observed after treatment with TPCK is probably due to the inhibition in the activity of some of these enzymes. However, at present we do not have sufficient information to speculate on which of the serine proteases might be the best candidate(s) to mediate this effect.
The role of extracellular enzymes on ECM remodeling had been previously studied in our laboratory (Quiñones et al., 2002) . In these experiments we had shown that metalloprotease activity increased in at 7 and 14 day regenerating intestines. Subsequently, inhibition experiments injecting metalloprotease inhibitors showed a delayed in the regeneration program, which was detected by impaired early regenerative events such as a smaller size of the intestinal regenerate and reduced fibrous collagen disappearance. Here, we demonstrated that serine and cysteine proteases are also important regulators of collagen degradation during the extracellular matrix remodeling.
The effect of inhibitors on cell proliferation, on the other hand, seems to be mediated by a different group of enzymatic activity. We believe that calpains are acting as regulators of cell division during intestinal regeneration. In accord with this, MG132 and E64d, the calpain inhibitors, had a strong negative effect on cell proliferation. Consistent with this, several studies have established that calpains regulate different points of the cell cycle. Calpain inhibitors affect negatively the checkpoint G1-S, interfere with S phase and with the G2-M compartment (Jánossy et al., 2004) . Cyclin D1, a positive regulator of G1 progression has been shown to be regulated posttranscriptionally by calpains (Choi et al., 1997) . In addition, calpains participate in apoptosis (Sharma and Rohrer, 2004; Taylor et al., 2005) . It has been demonstrated that cell cycle inhibition induces apoptosis by preventing degradation and/or processing of specific regulatory proteins (Wójcik, 2002) . In our experiments, it is interesting that the same inhibitors that had an effect on cell proliferation (MG132 and E64d) showed a trend to increase the number of apoptotic cells. The fact that these differences were not statistically different might be due to the small number of animals used. Further investigations are necessary to determine the participation of these proteases in apoptosis during intestinal regeneration.
An issue that deserves special attention is the fact that several reports have emphasized a function for cysteine proteases during cell cycle. Cathepsin L isoforms devoid of a signal peptide have been shown in the nucleus of mammalian cells (Goulet et al., 2004) . These have been shown to be involved in the in the control of proliferation and differentiation (Fei et al., 2007) . In addition, inhibitors of cysteine proteases delay the phase S of the cell cycle (Gouletet al., 2007) and affect the embryonic cell cycle progression in the sea urchin (Morin et al., 2008) . Moreover, in vivo experiments with E64d showed inhibition of sperm histones degradation which is necessary for pronuclear formation during fertilization process (Imschenetzky et al., 1997) . Therefore, we cannot exclude a possible contribution of cysteine proteases (cathepsin L) on cell division during intestinal regeneration.
In summary, in this work we used protease inhibitors to study regenerating intestine proteolytic activities in vitro. Among the protease inhibitors that were most effective were MG132, a proteasome and calpain inhibitor and E64d, a calpain and cathepsin inhibitor. On the contrary, the specific proteasome inhibitor epoxomicin, did not significantly modify the activity at any stage of intestinal regeneration. In addition, we demonstrated that enzymatic activity of cysteine proteases and serine proteases are important during intestinal regeneration of H. glaberima. We propose that the enzymatic activity of calpains is necessary for the normal progression of cell cycle during the formation of the intestinal rudiment while cathepsin and serine proteases are important for collagen degradation during remodeling of extracellular matrix.
Taking together, the results provide important information on the proteolytic activities associated with intestinal regeneration of H. glaberrima. At the same time they provide insights into the cellular events where these enzymatic processes might be involved and the outcome of inhibiting their activities. Our work also opens a new perspective in the area of the medical regeneration. Since calpains are associated with different pathologies they could emerge as possible therapeutic targets.
Materials and Methods
Animals
Adult specimens of H. glaberrima were collected on the coast of Puerto Rico and kept in seawater aquaria at 20-24°C. Evisceration was induced by injecting 3-5 ml of 0.35 M KCl into the coelomic cavity (day 0) and place in aquaria.
Preparation of intestinal extracts
Regenerating (3, 7 and 14 dpe) and pieces of non-regenerating intestines (normal) were homogenized in ice-cooled 26S proteasome extraction buffer (20 mM Tris-HCl buffer, pH 8.0) containing 0.2 mM ATP, 1 mM MgCl 2 , 1mM DTT, 1mM EGTA, 1 % glycerol) (Kawahara and Yokosawa, 1992; 1994) and complete protease inhibitor cocktail (Calbiochem, Gibbstown, NJ). The homogenates were made with pools of two intestines (aprox. 0.2 g each). They were then centrifuged at 8000 rpm for 20 min in a table-top centrifuge at 4°C and at 51000 rpm (233800 g) g for 15 min at 4°C in an Optima L-100 XP Beckman ultracentrifuge to completely remove cell debris. The resulting supernatant was used as a crude extract for enzymatic assays. An aliquot of these fractions was used for Western blot analysis.
Preparation of proteasome-containing high molecular weight protein fractions
High molecular weights (HMW) protein fractions were prepared as described by Kanayama et al., (1992) and Kawahara and Yokosawa (1992; 1994) . In these cases, a pool of four regenerating (3, 7, 14 dpe) intestines and normal intestine (aprox. 0.3 g) were homogenized in 2 ml of the proteasome extraction buffer described above. The homogenates were centrifuged at 8000 rpm for 20 min at 4°C in a table-top centrifuge and then at 50000 rpm (233800 g) for 15 min at 4°C in an Optima L-100 XP. Glycerol was added to the resulting supernatant to a final concentration of 10% and then the mixture was ultracentrifuged again at 50000 rpm (233800 g) for 5 hrs. at 4°C (Rotor Beckman type SW-50.1). The precipitate (HMW protein fractions) was dissolved in the extraction buffer and protea-some activity was assayed. Aliquots of these fractions were also used for Western blot analyses.
In other experiments, HMW protein fractions of H. glaberrima male gonad (sperm) were prepared as described above.
Enzymatic activity experiments
Unless otherwise noted, substrates and inhibitors were obtained from Enzo Life Sciences (Plymouth Meeting, PA). Chymotrypsin-like activity of the proteasome 26S was assayed at 25°C in 50 mM Tris-HCl buffer (pH 7.0) in the presence of 0.5 mM of ATP and 3.3 mM MgCl 2 (Kawahara and Yokosawa 1992; 1994) using 0.02 mM of succinyl (Suc)-Leu-LeuVal-Tyr-4-methylcoumaryl-7-amide (SLLVY-AMC) as substrate. Forty microliters of extract were added to 2 mls of buffer (described above) and incubated for 15 min at 37°C, then the substrate was added at a final concentration of 10 μM. Fluorescence was monitored with excitation at 380 nm and emission at 460 nm in Varian Cary Eclipse Fluorescence Spectophotometer (Agilent technologies, Santa Clara CA). To test the effect of the inhibitors, MG132 10 μM (chymotrypsin and PGPH proteasomal activity inhibitor), epoxomicin 50 μM (chymotrypsin, trypsin and PGPH proteasomal activity inhibitor), TPCK 80 μM (serine proteases inhibitor) and E64d 80 μM (cysteine proteases inhibitor) were used. Controls were carried out with the appropriate concentrations of the inhibitor solvent (DMSO). The protein concentration in each extract was determined using the Bradford method (Bradford, 1976) .
Western blot analysis
For Western blot analyses, samples of equal protein concentration were loaded on 12-15% SDS-PAGE gel (SDS-PAGE). The samples were run for 45 min at 200 V. Proteins were transferred to PVDF membrane for 1 h at 100 V at room temperature. The membranes were blocked in 5% non-fat dry milk in TBS-T (Tris-buffered saline containing 0.1% Tween 20) for 1 hr at room temperature. The blots were then probed overnight with the antibody PW8195 (1/1000), a mouse monoclonal antibody that reacts with α1, α2, α3, α5, α6 and α7 subunits of the 20S proteasome (Enzo Life Sciences). After three washes (15 min TBS-T), the membranes were incubated with the secondary antibody (anti-mouse IgG horseradish peroxidase-linked) for 1 hr at room temperature. After three more washes, they were incubated for 5 min in super Signal West Dura Chemiluminescent Substrate (Thermo Fisher Sicentific, Rockford, IL) and the signal was visualized using a Chemi System (BioRad Molecular Imager® GelDoc™ XR).
RT-PCR experiments
ESTs for calpain 5 and 7 were obtained from a transcriptome sequencing of regenerating nerve cord of H. glaberrima. Non-eviscerated (normal) and regenerating animals at different days post-evisceration (3, 7 and 14) were anesthetized by immersion in 1,1,1-trichloro-2-methyl-2-propanol hydrate 98% or ice water for 1 h before dissection. Intestines were dissected and total RNA was extracted from intestinal homogenates using Tri-Reagent (MRC, Cincinnati, OH) and the RNeasy Mini Kit from QUIAGEN (Valencia, CA). The extracted RNA was quantified by spectrophotometry at 260-nm optical density in a NanoDrop (ND-1000) Spectrophotometer (NanoDrop Technologies, Rockland, DE). For gene-specific relative RT-PCR, first-strand synthesis was performed with the M-MLV reverse transcriptase (PROMEGA, Madison WI). In brief, 1 μg of total RNA was incubated with oligo dt for 3 min at 80°C. After incubation, dNTPs, 10× PCR Buffer RETROscript (Ambion, Austin, TX) RNase inhibitor and reverse transcriptase were added, and the reaction was incubated at 42°C for 1 hr. This was followed by 10-min incubation at 92°C. The resulting cDNA was used for PCR as described below. Primers for calpain 5 and 7 were designed for optimal performance using the Biology workbench 3.2 and Net primer free software from PREMIER Biosoft International and are shown in Supplementary Table S1 . Cycling conditions for the amplified products were as follow: an initial denaturation step at 94°C for 2 min, then 34 cycles of denaturation at 94°C for 0.45 seconds, annealing at 50.8°C for 0.45 seconds and extension at 72°C for 10 min. PCR for calpain 5 was done under the same conditions, but at 36 cycles. Optical densitometric analyses of the PCR products were performed using Adobe Photoshop. Values were normalized against NADH-dehydrogenase unit 5 (NADH).
In vivo experiments
Treatments-H. glaberrima specimens were eviscerated (day 0) and placed in aquaria. Animals were injected intracoelomically with 400 μl of MG132 at a concentration of 0.9 mM, E64d at a concentration of 2 mM and TPCK at a concentration 8 mM. The volume of coelomic fluid is approximately 8 ml; therefore, the final concentration of the inhibitors in the coelom has been calculated to be approximately 45 μM for MG132, 100 μM for E64d and 400 μM for TPCK. In every case, DMSO was injected in control animals at final concentrations ranging from 0.2 to 0.5%. Each animal was injected twice a day (one injection every 12 hours) on days 5 and 6 of regeneration. On the morning of day 7, animals were injected with 50 mg/Kg of BrdU (5-bromo-2-deoxyuridine). The animals were maintained in aquaria for 4 hr and then anesthetized by immersion in a 0.2% solution of 1,1,1-trichloro-2-methyl-2-propanol hydrate 98% for 45 min and sacrificed. The intestines were then dissected and fixed in 4% paraformaldehyde at 4°C overnight. Next day they were rinsed three times for 15 min with phosphate buffer saline (PBS) and left in PBS containing 30% sucrose at 4°C for at least 24hr before embedded in Tissue-Tek. O.C.T. compound (Sakura Finetek, USA, Inc). Tissue blocks were kept at −20°C until used. Cryostat tissue sections were cut (20 μm), mounted on Poly-L-lysine-coated slides and kept at room temperature until used. A minimum of four animals was used for each inhibition experiment.
Cell and tissue measurements and analyses-Transverse sections of regenerating intestines from at least 4 animals that had received the treatments mentioned above were analyzed for several parameters of intestinal regeneration at 7 dpe. We monitored: size of the regenerating intestine, cell proliferation, collagen expression, dedifferentiation and apoptosis. A minimum of four sections (for size, dedifferentiation, apoptosis and collagen expression) and eight sections (for cell proliferation) were examined. The values corresponding to each section were averaged to obtain the value per animal.
Regenerating organ size-In animals at 7 dpe, the regenerating intestine consists of a thickening of the tip of the mesentery. This thickening forms a solid rod that extends from the esophageal region to the cloaca (García-Arrarás et al., 1998 . Sections were examined and photographed using the software SpotBasic 4.7. Next, using the software ImageJ, the contours of the regenerating structure were delineated and the number of pixel was measured.
Cell proliferation-To study cell proliferation, we employed BrdU immunochemistry as described previously García-Arrarás 2004 and Mashanov et al., 2010) . Animals were treated with BrdU during 2 hrs before sacrificed. Briefly, the cryostat tissue sections of regenerating intestines were blocked with 10% goat serum. To permeabilize cell membranes, the tissue was incubated with Triton X-100 (0.15%) for 15 min, washed twice in PBS (15 min/each) and then immersed in 0.05 M HCl for 1 hour. Then, the slides were washed one more time with PBS 0.1M before incubation overnight with anti-BrdU monoclonal antibody (GE Healthcare) (1:5) in a wet chamber. The secondary antibody was GAM-ALEXA 488 (1/200). After three washes with PBS the slides were mounted in glycerol-PBS containing 4', 6-diamidino-2-phenylindole (DAPI) to stain the cell nuclei and examined on a UV fluorescence microscope (Leitz Laborlux). Controls were done by incubating only with the secondary antibody. The percentage of BrdU-positive cells in the mesothelial layer of the mesentery (MM) next to the regenerating intestine was calculated by counting BrdU-positive cells and DAPI-positive nuclei at 40X magnification and determining the BrdU/ DAPI ratio. To determine the percent of positive cells in the mesothelium of the intestinal primordium (MIP), BrdU-positive cells and DAPI-nuclei were counted in three different areas of the primordium; two areas were in the lateral sides of the regenerating rudiment and one close to the tip. The percent of labeled cells in each area was calculated and averaged to obtain the percent of positive cells per section.
Extracellular matrix remodeling-collagen expression-Collagen expression was measured using HgfCOL, a monoclonal antibody raised against intestinal sea cucumber fibrous collagen (Quiñones et al., 2002) . Fixed intestinal regenerating tissues from control and experimental animals were incubated with the antibody overnight. Then, the tissue sections were washed three times with PBS 0.1M for 15 min and placed again in the wet chamber with GAM Cy3 secondary antibody at 1/2000 (Sigma) for one hour. Later, sections were rinsed with PBS 0.1M three times for 15 min and covered with DAPI (1/50)-PBS/ Glycerol mounted medium and sealed. Images were recorded and analyzed with SpotBasic 4.7 and Image J (version 6.0; Universal Imaging, Inc) software. The percentage of collagen in the primordium was calculated by measuring the total area of the structure and the area corresponding to collagen.
Cell dedifferentiation: spindle like structure (SLS)-Previous work from our laboratory has shown that muscle cells of the remaining mesenteries can dedifferentiate forming spindle-like structures (SLS) (Candelaria et al., 2006) . The localization of these structures in the regenerating intestine serves as an indicator of muscle cells undergoing dedifferentiation. The differentiation process occurs in a temporal and spatial gradient beginning at the free mesenterial edge at 1 dpe and continuing during the next two weeks. As time passes the number of SLS increases in the mesentery toward the body wall as muscle cells disappear from the areas adjacent to the regenerating structure. Supplementary  Fig. S4 illustrates the classification system used to study the SLS distribution. Thus, to examine if the inhibitors affect the dedifferentiation process, the presence of SLSs was determined by labeling the contractile apparatus with FITC-Phalloidin (Sigma). FITCPhalloidin was diluted in RIA buffer (radioimmuno assays buffer: 50 mM K 2 HPO 4 ; 7.4 mM KH 2 PO 4 ; 154 mM NaCl; 0.5% BSA; 1.5 mM NaN 3 ; 1:2000) and added together with the GAM Cy3 secondary antibody. Sections were examined using a fluorescence microscope where images were recorded using the SpotBasic 4.7 software program.
Apoptosis-TUNEL reaction-Apoptosis was quantified by terminal deoxynucleotidyl transferase-mediated dUTP nicked labeling (TUNEL technique) with a Fluorescein FragEl DNA Fragmentation Detection kit (Calbiochem, Cat. QIA 39) on cryosections of the normal and regenerating intestine. The percentage of TUNEL-positive cells was calculated by counting ALEXA-positive cells and DAPI-positive nuclei at 40X magnification as was described for BrdU-cell analysis, but in micrographs obtained with 40x objective and imported into Image J processing software with the Cell Counter plugin installed.
Statistical analysis-For evaluation of statistical differences between controls and experimental groups of in vivo and enzymatic assays experiments, we employed one-way or two-ways ANOVA follows of Tukey's test or t-test for multiple comparisons. These analyses were performed using the software Excel and SpotFire. All values are reported as mean ± standard error.
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